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Mesoporous oxide films are attractive frameworks in 
technological areas such as catalysis, sensors, environmental 
protection, and photovoltaics. Herein, we used fluorescence 
correlation spectroscopy to explore how the pore dimensions of 
hydrated TiO2 mesoporous calcined films modulate the molecular 
diffusion. Rhodamine B molecules in mesoporous films follow a 
Fickian process 2-3 orders slower compared to the probe in water. 
The mobility increases with the pore and neck radii reaching an 
approximately constant value for neck radius > 2.8 nm. However, 
the pore size does not control the dye diffusion at low ionic 
strength emphasizing the relevance of the probe interactions with 
the pore walls on the dye mobility. In conclusion, our results show 
that the thermal conditioning of TiO2 mesoporous films provides 
an exceptional tool for controlling the pore and neck radii in the 
nanometer scale and has a major impact on molecular diffusion 
within the mesoporous network. 
Mesoporous oxide thin films (MOTF) are essential components 
in the materials science “toolbox” for many advanced 
applications including (bio)sensors, catalysts, adsorbents and 
controlled release devices.
1
 Their high surface area / volume 
relation is ideal for anchoring a high density of chemical groups 
aimed for immobilization or controlled release of molecules 
and ions. On the other hand, MOTF can be easily deposited on 
various substrates with arbitrary shape ensuring an easy 
manipulation and operation in diverse reaction media. The 
uniform nanosized cavities allow both connectivity and 
diffusion of analytes along the supramolecular structure which 
can be chemically tailored as permselective membranes.
2
 The 
combination of these structures with several building blocks in 
a hierarchical fashion leads to an integrated chemical platform 
that includes nanoparticles, enzymes or inorganic complexes
3-
5
. Understanding the molecular transport along tortuous or 
highly ordered media with different pore hierarchies is 
extremely relevant in the context of catalysis, sensing, and 
separation processes as analytes must diffuse and react within 
the mesoporous framework. 
6, 7,8, 9,10
 TiO2-based MOTF receive 
considerable attention as they are promising materials for 
photovoltaics applications, (dye-sensitized solar cells, DSSC) 
and photocatalytic environmental remediation.
11-13
 In these 
applications the TiO2-MOTF fulfill a dual purpose: i) the high 
surface area exposed enhance the electron exchange due to 
photochemical processes and ii) the mesoporous structure 
allows the diffusion and shuttling of redox mediators in order 
to complete the electron transport.
14
 
Previous works have shown that the controlled Evaporation 
Induced Self-Assembly (EISA) synthesis of TiO2-based MOTF 
has three important variables that drastically affect the pore 
size and connectivity: the chemical structure of the template, 
the aging conditions and the thermal treatment. 
10, 15
 These 
conditioning variables impact on the pore radius and the neck 
between the pores radius and allow the design of mesoporous 
TiO2 structures with precise geometrical parameters. 
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The diffusion of molecules in highly porous frameworks can be 
studied using bulk approaches such as pulsed field NMR 
gradient
16
, zero length chromatography
17
, electrochemical 
techniques
18, 19
 and localized surface plasmon resonance 
detection
20
. However, these ensemble methods only provide 
the mean behavior of molecules in these complex matrices 
and miss the information related to the material 
microheterogeneities and mechanistic details of the molecules 
diffusion. On the other hand, advanced fluorescence 
microscopy methods including single molecule tracking (c) and 
fluorescence correlation spectroscopy (FCS) provide analytical 
tools to obtain quantitative information on the diffusion of 
single fluorescent tracer dyes inside porous materials
21
. These 
methods  promise a more complete in-depth understanding of 
mass transport in these materials as illustrated in several 
works from the groups of Higgins
22-26
  and Bräuchle
27-29
. 
Here, we used FCS to study the diffusion of the fluorescent 
probe Rhodamine B within the pore frameworks of hydrated 
thin TiO2 mesoporous films. FCS register intensity fluctuations 
caused by fluorescent molecules moving through the small 
observation volume of a confocal or two-photon excitation 
microscope; the correlation analysis of these fluctuations 
provides quantitative information on the dynamics of the 
molecules
30, 31
. 
TiO2 films were synthesized using the EISA approach and post-
processed using thermal conditioning steps for fine tuning of 
the pore geometry and connectivity. Basically, we used two 
surfactants as pore templates, Brij®58 and Pluronic® F127; 
mesoporous TiO2 films were labeled as TXY, where X stands for 
the surfactant employed (F for Pluronic® F127 and B for 
Brij®58) and Y indicates the calcination temperature (in 
o
C). 
The EISA approach results in thin mesoporous films (thickness 
∼ 100 – 200 nm) with a unidirectionally contracted Im3m 3D 
cubic structure; typically, TB has a pore radius in the range of 1 
– 3.5 nm whereas TF pore radius is around 3.1 – 5.5 nm (Figure 
1a-b and ESI). 
15, 32
 In particular, these mesoporous systems are 
characterized by an ordered array of spherical pores 
interconnected via smaller necks. Moreover, the body 
centered cubic structure Im3m is oriented with the [110] plane 
parallel to the films surface and the [1–10] perpendicular to 
that surface. Small angle X-ray scattering (SAXS) confirmed the 
mesoporous structure while environmental ellipsometric 
porosimetry
33
 (EEP) examined the pore size distribution (i.e. 
pore and neck radii) and total porosity of the film (see ESI).  
The dye was included within the calcined TiO2-MOTF under a 
high humidity environment (∼93 % HR) that guarantees water-
filled pores (see ESI). Previous ellipsometric measurements 
rule out the presence of a water layer on top of the TiO2 film 
under these humidity conditions. 
6, 34, 35
  As a side benefit the 
procedure does not require drying up the probe-embedded 
film, precluding or minimizing the presence of dye aggregates 
within the mesoporous structure. In addition TiO2 is an 
excellent material compared to fully condensed mesoporous 
SiO2 where dissolution processes of the matrix in aqueous 
solutions impose an important experimental limitation.
36
 
To qualitatively assess the mobility of the dye in the hydrated 
TiO2 films, we run fluorescence recovery after photobleaching 
(FRAP
37
) experiments in dye-embedded TF400 films. Figure 1c 
shows that the mobile fraction was 89 ± 4 % indicating that 
most of the Rhodamine B molecules diffuse freely within the 
film. 
Then, we performed single-point FCS experiments to explore 
quantitatively the mobility of the probe within diffraction-
limited regions of these TiO2 films as schematized in Figure 2a; 
Figure 2b shows representative fluorescence autocorrelation 
data obtained from TF400 films. 
Figure 1. Characterization of TiO2-MOTF (a) Transmission electron microscopy image of a TF400 mesoporous film. Scale bar, 100 nm (b) Pore and neck radii explored of
TB (•) and TF(•) mesoporous films, solid line is only for visual guide   (c) Representative fluorescence images in pseudo-color of a 16.5 x 12 μm2 rectangular region of a 
TF400 film embedded with Rhodamine B before and during the recovery of the photobleaching process (top). The recovery curve was calculated as described in the text 
and fitted with a biexponential function (continuous line) to obtain the dye mobile fraction.
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Figure 2 FCS measurements in TiO2 films. (a) The scheme represents the laser focused 
on a TiO2 film; the diffusion of dye molecules (red) in and out of the confocal volume 
(green oval) introduces fluctuations in the intensity trace. (b) Representative 
fluorescence autocorrelation curve obtained from a TF400 film. The data was fitted 
with Eq. 1 (continuous line) to obtain τD (c) Dependence of the residence time () and 
the mean intensity () on the focal plane (z), z= 0 was arbitrarily set as the position 
where the maximum intensity was registered. The dotted line shows the fitting of a 
parabolic function to the τD vs. z data. 
 
The typical thickness of the mesoporous TiO2 film is ∼5 times 
smaller than the axial dimension of the confocal observation 
volume (∼ 1 µm38) and thus, it is not possible to detect the 
axial motion of the Rhodamine B molecules. In line with 
previous works in thin samples
39
, the autocorrelation data was 
fitted with the following equation that considers the 2D 
diffusion of fluorescent molecules
40
: 
 
1
D
1
N
1
)(G
−






τ
τ
+=τ
 (1)
 
where τD is the characteristic diffusion time and <N> is the 
mean number of fluorescent particles in the observation 
volume. 
Previous works in extremely thin samples, such as supported 
lipid bilayers, have shown that the laser focus should be very 
close to the bilayer plane for accurate FCS determinations; in 
other words, τD increases parabolically with z (i.e. in the optical 
axis direction) when moving far from the bilayer position
41
. 
Therefore, we run z-scan FCS experiments
41
 and analyze  the 
dependence of  τD  and the mean intensity with the z-position 
of the observation volume. Figure 2c shows that the 
characteristic diffusion time is approximately constant within ± 
0.2-0.3 µm from the film plane and follows a parabolic-like 
behaviour with z. We did not analyze the data with the 
quantitative model proposed to interpret diffusion within lipid 
bilayers
41
 due to the non-negligible thickness of the film (100-
200 nm) in comparison to those bilayers (∼ 5 nm) and the axial 
width of the point spread function. Figure 2c also shows that 
those z-positions where lowest τD values were registered also 
presented highest intensity values. Thus, the film plane could 
be rapidly and precisely determined by finding the z-position 
corresponding to the maximal intensity and the probe 
dynamics accurately recovered by single-point FCS 
determination at this position. 
We then analyzed how the pore and neck radii modulate the 
mobility of the fluorescent probe within TiO2 films subjected to 
different thermal conditioning and hydrated as described 
before. Figure 3a-b shows that the characteristic diffusion time 
of Rhodamine B in these films at a relatively high ionic strength 
(500 mM NaCl) is in the range 20-150 ms. These values were 
used to estimate the diffusion coefficient of the probe, D 
42
 
(see Supporting Information), obtaining values that ranged 
from 0.2 to 1⋅10-8 cm2/s, which are in the order of those 
obtained in SMT experiments for non-calcined SiO2 
mesoporous thin films.
26, 27
 Besides, these values are also ∼ 2-3 
orders lower than the unrestricted diffusion coefficient of the 
dye in aqueous solution (∼400 10-8 cm2/s). 43 Careful analysis 
of Figure 3a-b shows that τD of Rhodamine B decreases when 
both pore and neck radii increase. Moreover, τD reaches an 
approximately constant value of ∼25 ms when pore radii are 
bigger than 2.8 nm (Figure 3b). The pore radii in these films 
(e.g. TB400, TF350 and TF400) lie in the 3-6 nm range 
suggesting that the diffusion of the probe within these films 
seems to be minimally modulated by the pore size dimensions. 
In addition, the faster dynamics of the probe in films with 
similar pore sizes but wider necks (TF200 vs. TB400) 
emphasizes the relevance of the neck in diffusion (see Figure 
3a). 
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Highly confined environments with fixed surface charges 
impose local electrostatics constraints
44
; for instance, 
mesoporous TiO2 surface charges and chemisorbed functional 
groups (e.g. hydrophilic and hydrophobic 
phosphates/phosphonates) are known to suppress the 
electrochemical response and diffusion of redox mediators.
45, 
46
 In this context, we anticipate that the ionic strength of the 
aqueous solutions within the TiO2-MOTF pores will modulate 
the diffusion of the dye
46
. This effect is clearly seen in Figure 
3c-d where τD does not depend on the pore and neck radii 
when the ionic strength of the solvent-filled pores is low. 
Moreover, the probe diffusion under this condition is not 
significantly different from that determined in mesoporous 
films with neck radius < 2.8 nm at high ionic strength (Figure 
3b) suggesting that interactions with the pore wall slowed 
down the probe under these conditions. In this direction, 
pores with radii bigger than two Debye lengths can be safely 
treated in the domain of the continuum theories of 
electrolytes.
47
. The Debye length for 100 and 500 mM NaCl 
aqueous solutions are 0.96 nm and 0.21 nm respectively and, 
in a first approximation, we can consider that these lengths 
decrease the effective pore dimensions in each case. This 
observation implies that the effective pore neck radius at low 
ionic strength for all films are below the experimental 2.8 nm-
threshold observed in Figure 3a; in consequence, τD values at 
low ionic strength are similar for all TiO2 films. Interestingly, 
previous works showed that a significant fraction of water is 
structured below 2.5 nm diameter TiO2 mesopores, while 
mostly free water prevails above this size
48, 49
. Thus, the effects 
observed above this neck diameter value are clearly 
attributable to electrostatics; on the other hand, we can 
speculate that water structuring due to confinement or minute 
quantities of surfactant that remains in extracted samples at 
200 °C might also play a role in the probe mobility for the 
smaller diameter necks (see ESI, Section 2c). Recalling that the 
molecular size of the Rhodamine B dye (∼ 1.5 nm x 1.2 nm x 
0.5 nm) is comparable with the pore dimensions of TB200 and 
TF200 films, we presume that chemical interactions between 
the TiO2 pore surface and the probe may influence the 
diffusion process.
25
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Figure 3. Rhodamine B diffusion within TiO2-based MOTF films. The probe was incorporated in the films as described in Materials and Methods using solutions of high 
(a,b) or low (c,d) ionic strenght. FCS experiments were run to obtain τD (characteristic diffusion time) within the films pore network. The error bars in (b) and (d) 
represent the standard deviation of the experimental data. Colors in (b) and (d) depict the different TiO2-MOTF studied, from left to right: TB200 (), TF200 (), TB350 
() , TB400 (), TF350 () and TF400 ().
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We then considered the estimated D values in each film and 
the corresponding pore-to-pore distance (2.2 to 11 nm from 
TB200 to TF400, Figure 1) to calculate the mean residence 
time of the probe within single pores (τpore). These values are 
in the 6-30 µs range and were normalized respect to the 
theoretical first passage time, τf, defined as the mean time 
required for the probe to travel a distance equivalent to the 
neck radius in aqueous solution (Figure S5). Therefore, the 
ratio τpore /τf provides the relative dwell time of the probe 
within the pore with respect to that expected in an 
unrestricted medium; likewise, the inverse of this parameter is 
also related to the escape probability from the pore. 
Conclusions 
In summary, we quantitatively described how the pore 
geometry and the ionic strength of the solvent-filled hydrated 
TiO2 mesoporous films modulate the diffusion of a fluorescent 
probe. The molecular motion within the films followed normal, 
Fickian diffusion as expected since the spatial resolution of 
confocal microscopy does not allow detecting the confinement 
of the probe at single pores and provides information of 
molecules that randomly jump between adjacent pores and 
transverse the observation volume. Moreover, we estimated 
an average occupancy of ~ 10
-3
 molecules/pore in our 
experiments suggesting that molecules do not interfere with 
each other. Then, the characteristic diffusion time is an 
indirect measure of the escape probability from pores and is a 
key parameter for applications in technological areas like 
catalysis, sensors, environmental protection, and photovoltaics 
involving mesoporous films. In our experimental conditions, 
simple thermal conditioning steps tune the pore and neck 
dimensions; these parameters, in addition to the surface 
chemistry, are essential when analysing the dye probe 
interactions with the pore walls in confined environments. 
From this perspective, TiO2-MOTF with precise pore 
dimensions and chemically tailored pore surfaces (i.e. with 
alkoxysilanes or phosphonic/phosphonate groups) represent 
promising frameworks for highly controlled diffusion/transport 
studies. We firmly believe that FCS and SMT constitute 
attractive techniques for studying in situ and in real time the 
role of interfacial chemical properties in highly porous 
environments. As these platforms can be directed to gating 
and controlled delivery, molecular recognition processes and 
chemical transformations, the technological consequences are 
far-reaching. 
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